Introduction
The growing demand for tunable devices at microwave fre− quencies has motivated the study of some technologies for this purpose, such as ferroelectric materials [1] , MEMS [2] , etc. Liquid crystals (LC) have become an interesting alter− native for the design of tunable devices. The small cost, size and low power consumption of LC−based devices compared to other technologies [3] are the main advantages of using these materials. The tunability of some typical parameters in LC devices is induced by the dielectric anisotropy of the material; it depends on the orientation of the LC molecules and can be tuned by applying an external electric field. There are some examples of LC−based voltage−controlled devices reported in the bibliography, such as antennas [4] , phase shifters [5] , passive filters [6] , etc.
In this paper, a microstrip tunable dual−mode band−pass filter at 5 GHz, based on LC technology, is designed and characterized. A reshaping of the topology of the microstrip electrode pattern is proposed in order to improve the filter frequency response. The results obtained by simulating the new enhanced structure are presented.
Filter design
In this section, the design of the LC−based tunable band− −pass filter is presented. First, the dual−mode technology for band−pass filters is introduced. Then, the capability of tun− ing the frequency response of the microwave bandpass filter is described and justified by the inclusion of a LC material as the dielectric substrate of the structure. Finally, the manu− facturing of the device is also detailed.
Dual-mode band-pass filter structure
Dual−mode technology is widely used in the design of mi− crowave band−pass filters due to its advantages, such as compact size, simple and accurate fabrication, and specifi− cally, size reduction. The dual−mode operation consists of a resonant circuit where two degenerated electromagnetic modes are excited by introducing some kind of perturbation in the resonant structure. It involves that with a single dual− −mode resonator a 2−pole filter can be achieved, which leads to an important reduction of the device size. This is a key issue in LC−based devices, because a significant reduction in the amount of used material is obtained. In order to design dual−mode filters, some different topologies of the electrode pattern have been studied, such as hexagonal loops [7] , circular rings [8] , etc.
The topology used in this work ( Fig. 1 
Tunability of the centre frequency of the filter
The centre frequency (f c ) of the filter, for the structure pre− sented in Fig. 1 , depends on the structure dimensions and, inversely, on the effective permittivity (e eff ). In addition, the permittivity is determined by the dielectric substrates being a part of the device. Thus, for fixed dimensions, f c only de− pends on e eff , so a variation of the value of this overall pa− rameter involves a change of f c .
In this work, a nematic LC is used as the dielectric sub− strate of the microstrip filter. As the LC mixture is an anisotropic material, its permittivity depends on the orienta− tion of their molecules and it can be changed, between two extreme values, e r^a nd e r||, by applying an external electric field. Initially, when no voltage is applied, LC molecules are aligned nearly parallel to the microstrip line due to a buffed polyimide acting as a homogeneous alignment layer. With this hypothesis, the LC permittivity is minimum, e r^. By applying the saturation voltage value, the LC molecules rotate and the average orientation of them points perpendic− ular to the microstrip line, reaching the permittivity its max− imum value, e r|| . Therefore, as voltage increases, the LC permittivity also increases, while f c decreases; thus the filter can be tunable by modifying the applied voltage.
Device manufacturing
As a LC is a fluid material, a cavity is needed to confine it, so the filter is implemented by using an inverted microstrip line structure (Fig. 2) which has already been reported in previous works [10] . A Taconic TLX−08 (e r = 2.38), 0.25 mm−thick dielectric layer is used to define the LC cavity and to separate the upper from the lower substrate. This dielec− tric material is also used for the substrate which supports the microstrip structure, but 0.8 mm−thick. A FR4 (e r = 4.4) 1.52 mm−thick dielectric layer is used for the substrate that supports the ground plane.
The manufactured device (Fig. 3 ) is filled with a high anisotropic nematic LC mixture synthesized by Military University of Warsaw, Poland. The properties of this mate− rial at 5 GHz have been previously estimated [11] and are given in Table 2 . 13 V rms , the LC permittivity is maximum, e r|| , while the centre frequency of the filter reaches its minimum value, 4.54 GHz. Therefore, a centre frequency tuning range of 650 MHz has been achieved, that is a relative range of 13.4%. Figures  4 and 5 show the filter S−parameters (S 21 and S 11 ) frequency dependence considering the two extreme values of the ap− plied voltage, 0 V rms and 13 V rms . Table 3 summarizes the obtained results. As it is observed in Fig. 5 , the filter exhibits a poor return loss (S 11 ), of 6 dB, at the centre of the filter pass− −band. The next section of this paper presents an approach of a filter dual−mode topology with a reshaped electrode pattern in order to achieve a higher level of return loss.
Improved structure
For improving the dual−mode filter frequency performance, mainly in terms of return loss increasing and filter band− width reduction, the topology of the resonator has been revised. A reshaping of the electrode pattern of the dual− −mode square patch resonator band−pass filter with a square notch, shown in Fig. 1, has been proposed. The new shape of the electrode pattern has a square cut of side k etched on the patch, as shown in Fig. 6 . This new structure reduces the coupling factor between the two degenerated modes, which involves a decrease of the difference between the resonant frequencies of the two modes. Therefore, the filter band− width is expected to be narrower, which leads to an increase of the filter return loss at the pass−band, the main goal of this modification.
The new structure is simulated by using an electromag− netic software tool for several values of k. Figures 7 and  8 show the filter frequency response (S 21 and S 11 ) obtai− ned in a simulation for some values of k when e r^= 2.38 is considered as the liquid crystal permittivity. On the other hand, Figures 9 and 10 show the equivalent frequency response, for e r|| = 3.08. Notice that the case k = 0 mm corre− sponds with the original structure, that is without square hole.
As it is observed in Figs. 7-10 , as k increases, the filter bandwidth decreases while the filter return loss increases. Nevertheless, the filter bandwidth is too much narrow for large values of k, below 500 MHz. Table 4 shows a fre− quency performance comparison between the filter without square hole and the one with a square hole on the patch of k = 2.3 mm side.
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Parameter k = 2.3 mm is considered to be the optimum and well−ba− lanced value. For this value, a filter bandwidth re− duction of 230 MHz and a return loss increase of 6 dB have been achieved in simulation when e r^= 2.38, while a filter bandwidth reduction of 200 MHz and a return loss increase of 6.5 dB have been obtained considering e r|| = 3.08.
Conclusions
In this work, a tunable dual−mode band−pass filter based on LC technology has been designed and characterized. The filter tuning range was measured to be from 4.54 GHz to 5.19 GHz when an external voltage was applied which means a relative tuning range of 13.4%. The reshaping of the electrode pattern has been identified as a simple and use− ful tool, in the LC dual−mode microwave filter design of this proposal, for enhancing the frequency response mainly in terms of return loss and filter bandwidth. The new filter exhibited return loss up to 12.5 dB and bandwidth decrease up to 25%.
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